Ribotoxins cleave essential RNAs for cell killing in vivo, and the bacterial polynucleotide kinase-phosphatase (Pnkp)/hua enhancer 1 (Hen1) complex has been shown to repair ribotoxin-cleaved RNAs in vitro. Bacterial Pnkp/Hen1 is distinguished from other RNA repair systems by performing 3′-terminal 2′-O-methylation during RNA repair, which prevents the repaired RNA from repeated cleavage at the same site. To ensure the opportunity of 2′-O-methylation by bacterial Hen1 during RNA repair and, therefore, maintain the quality of the repaired RNA, Pnkp/Hen1 has evolved to require the participation of Hen1 in RNA ligation, because Pnkp alone is unable to carry out the reaction despite possessing all signature motifs of an RNA ligase. However, the precise role of Hen1 in RNA ligation is unknown. Here, we present the crystal structure of an active RNA ligase consisting of the C-terminal half of Pnkp (Pnkp-C) and the N-terminal half of Hen1 (Hen1-N) from Clostridium thermocellum. The structure reveals that the Nterminal domain of Clostridium thermocellum (Cth) Hen1, shaped like a left hand, grabs the flexible insertion module of CthPnkp and locks its conformation via further interaction with the C-terminal addition module of CthPnkp. Formation of the CthPnkp-C/ Hen1-N heterodimer creates a ligation pocket with a width for two strands of RNA, depth for two nucleotides, and the adenosine monophosphate (AMP)-binding pocket at the bottom. The structure, combined with functional analyses, provides insight into the mechanism of how Hen1 activates the RNA ligase activity of Pnkp for RNA repair.
B
ecause of the presence of the 2′-OH group, RNA in living cells is much more susceptible to cleavage than DNA. The majority of the cleavage, carried out nonspecifically by protein ribonucleases, is part of normal RNA metabolism in living organisms. However, a variety of sequence-or site-specific RNA cleavage exists in living cells, and specific cleavage of some essential RNAs has been used for gene regulation and cell killing. In prokaryotes, a class of protein toxins named ribotoxins is mainly responsible for most site-specific RNA cleavage. Two well-characterized examples of ribotoxins for gene regulation are RelE (1, 2) and VapC (3) . Several well-studied ribotoxins for cell killing are ricin (4), sarcin (5), PrrC (6) , colicin E5 (7), colicin D (8) , and Kluyveromyces lactis γ-toxin (9) . All of them cleave essential RNAs involved in protein translation. With the exception of ricin, which uses a depurination mechanism, ribotoxins use a transesterification mechanism to cleave RNA.
To counter cell killing by ribotoxins, organisms have evolved protein enzymes that repair the cleaved RNAs. The first RNA repair system discovered consists of two proteins named Pnkp (polynucleotide kinase-phosphatase) and Rnl1 (RNA ligase 1) from bacteriophage T4 (6) . Since the discovery of the T4 RNA repair system, a few multifunctional enzymes have been implicated in RNA repair (10) (11) (12) (13) . Of particular relevance to the present study is the bacterial Pnkp that was shown to possess kinase, phosphatase, and adenylyltransferase activities (11) . Although bacterial Pnkp is able to process the two ends of a cleaved RNA, it is unable to ligate the two processed ends despite its possession of all signature motifs of an RNA or DNA ligase (14) . To complete the RNA repair, we demonstrated that a second bacterial protein, termed Hen1, is required (15) . Bacterial Hen1, like its eukaryotic counterpart involved in RNA interference (RNAi), is a unique methyltransferase that carries out 2′-Omethylation at the 3′-terminal nucleotide of RNA (16, 17) . Our study further revealed that the 2′-OH group at the junction of repair is methylated by bacterial Hen1 during RNA repair by the bacterial Pnkp/Hen1 complex (15) . Because the same 2′-OH group is responsible for the original RNA cut, its methylation results in the repaired RNA resisting future cleavage by the ribotoxin.
To maintain the quality of the repaired RNA (e.g., methylated repaired RNA), the bacterial Pnkp/Hen1 RNA repair system appears to have evolved to require participation of Hen1 in RNA ligation, ensuring the opportunity of Hen1 to carry out 2′-Omethylation during RNA repair. However, how the involvement of Hen1 results in an active RNA ligase is unknown. Recent crystal structures of the ligase domain of Pnkp by Shuman and coworkers provide the first step toward our understanding of the mechanism that underlies the ability of Hen1 to activate Pnkp for RNA ligation (18) . The study revealed that, in addition to the presence of the classical nucleotidyltransferase (NTase) module, the ligase domain of Pnkp has a flexible protein module inserted in the NTase module (insertion module) and a second protein module added at the C terminus of NTase (C-addition module). Here, we report the crystal structure of the C-terminal half of bacterial Pnkp (Pnkp-C) in complex with the N-terminal half of bacterial Hen1 (Hen1-N). The structure reveals that the formation of the Pnkp-C/Hen1-N heterodimer creates a ligation pocket to accommodate the two strands of RNA for ligation. In addition to the structure, we also carried out functional analyses of the complex, including protein adenylation reaction in a crystal, RNA adenylation reaction in solution, and structure-guided mutagenesis. The combined structural and functional studies of the Pnkp-C/Hen1-N complex shed light on how bacterial Hen1 activates the ligase activity of Pnkp for RNA repair.
Results and Discussion
Reconstituting the CthPnkpC/Hen1-N Heterodimer in Vitro As an Active RNA Ligase. The recombinant C-terminal half of CthPnkp (residues 444-870; 49 kDa) and N-terminal half of CthHen1
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Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 4E6N, 4DRF, and 4DQZ). (residues 1-230; 26 kDa) were overexpressed in Escherichia coli and purified to homogeneity. Size-exclusion chromatography of the purified proteins showed CthPnkp-C as a monomer and CthHen1-N as a homodimer (Fig. 1A, green and red curves) . The formation of CthHen1-N homodimer was also observed previously by Jain and Shuman using a glycerol gradient sedimentation method (17) . An equal molar mixture of CthPnkp-C and CthHen1-N, however, resulted in the formation of a CthPnkp-C/ Hen1-N heterodimer instead of the expected heterotetramer (Fig. 1A, black) . To carry out functional analyses, we chose cleaved tRNA Arg -ΔT (Fig. S1 ) as the RNA substrate for this study because it was the most efficient substrate among eight ribotoxin-cleaved RNAs in our recent study (19) . RNA ligation assay using the processed RNAs showed that a combination of CthPnkp-C and CthHen1-N, but neither one alone, was able to carry out RNA ligation (Fig. 1B, lane 6) , demonstrating that the CthPnkp-C/Hen1-N heterodimer is an active RNA ligase. We also tested a shorter version of CthPnkp-C (residues 479-870; 45 kDa) for RNA ligation, and we named it CthPnkp-C-ΔL because it essentially lacks the linker region as shown in Fig. 2A . CthPnkp-C-ΔL also required CthHen1-N for RNA ligation, and it showed higher activity than CthPnkp-C (Fig. 1B, lane 7) .
Architecture of the CthPnkp-C/Hen1-N Heterodimer. We crystallized the CthPnkp-C/Hen1-N heterodimer and solved the structure at 2.6 Å (Table S1 ). We also obtained the structure of the CthPnkp-C/Hen1-N heterodimer covalently bound to an AMP by soaking a crystal of the CthPnkp-C/Hen1-N heterodimer with ATP and Mg 2+ before data collection (Table S1 ). Because the structure of the CthPnkp-C/Hen1-N/AMP ternary complex exhibits a bound AMP and has higher resolution, it was used for detailed structural analyses (Fig. 2) . In addition, we also solved the structure of the CthHen1-N homodimer (Fig. 3A and Table S1 ).
The fold of CthHen1-N can be depicted as a seven-stranded antiparallel β-sheet stacked by two layers of helices (Figs. 2 B and C and 3A). We tentatively assigned the β-sheet together with the first layer of helices (Fig. 2, colored red) as the ligase-activating domain of CthHen1 and the second layer of helices (Fig. 2 , colored yellow) as part of the linker region that connects the ligase-activating domain to the missing methyltransferase (MTase) domain ( Fig. 2A) . To facilitate structural and functional analyses, the ligase-activating domain of CthHen1-N is depicted as a left hand (Figs. 2C and 3A and Fig. S2) .
A Dali (20) search using the structure of CthHen1-N from the CthPnkp-C/Hen1-N/AMP ternary complex identified structures of low-scoring hits that possess a fold of a β-sheet stacked by a layer of α-helices. A total of 355 hits met the criterion of Zscore above 2, demonstrating the prevalent fold of β-sheet/ α-helices stacking in protein structures. The top-scoring hit is the crystal structure of a KH domain of zipcode binding protein (ZBP) 1 (21), having a Z-score of 5.9, rmsd of 4.6 Å, and 13% sequence identities. CthHen1-N is significantly less similar to the remaining structures of the search (Z-scores of 4.2 or less), and none of the structures of the top ten-scoring hits possesses loops that constitute the thumb and fingers in CthHen1-N (Fig. S3 ). This analysis, combined with the information that the N-terminal half of bacterial Hen1 has no apparent sequence similarity to other proteins, suggests that the N-terminal half of bacterial Hen1 is distinct.
The ligase domain of CthPnkp, as recently reported by Shuman and coworkers (18) , is composed of an NTase module (Fig. 2 , green), an insertion module (Fig. 2, blue) , and a C-addition module (Fig. 2, cyan) . In addition to these three modules, we also observed a structure containing an extra 35 aa at the N terminus of CthPnkp-C (Fig. 2 , magenta) and tentatively assigned it as part of the linker region that connects the ligase domain to the missing phosphatase and kinase domains ( Fig. 2A) . In light of the new information from the structure of the CthPnkp-C/Hen1-N heterodimer, we made minor adjustments in defining the boundaries of the individual modules in CthPnkp-C ( Fig. 2A and Fig. S4 ).
CthHen1-N and CthPnkp-C make extensive contacts with each other, resulting in a total 3,850-Å 2 solvent accessible surface area buried in the dimer interface. On the CthHen1-N side, the ligaseactivating domain is solely responsible for the heterodimer formation. On the CthPnkp-C side, the insertion module provides ∼80% of the contacts, the C-addition module contributes ∼20%, and the NTase module makes no contact at all.
Structural Changes upon Formation of the CthPnkp-C/Hen1-N Heterodimer. Significant structural changes take place in both CthHen1-N and CthPnkp-C upon formation of the heterodimer. Comparison between CthHen1-N as a homodimer and CthHen1-N as a heterodimer reveals little change of the main body of the structure (β-strands plus two layers of α-helices) ( Fig. 3A ; rmsd = 0.52 Å). On the other hand, the loops constituting the thumb and three of the four fingers are seen only with the formation of the heterodimer (Fig. 3A) . The structures reveal that the palm of the ligase-activating domain is the common interface for both the CthHen1-N homodimer and the CthPnkp-C/Hen1-N heterodimer (Figs. 3A and 2C), and this structural insight provides a molecular explanation for the observed transition from the CthHen1-N homodimer to the CthPnkp-C/Hen1-N heterodimer in solution (Fig. 1A) . In the absence of CthHen1-N, the insertion module of CthPnkp-C is conformationally flexible, as demonstrated by three different folds and orientations in the structures of CthPnkp-C·ATP and CthPnkp-C/AMP complexes (18) (Fig. 3B ). In the CthPnkp-C/Hen1-N/AMP complex, however, the conformation of the insertion module is fixed (Fig. 3B) , which is made possible by the extensive interaction of CthHen1-N with the insertion module plus additional interaction of CthHen1-N with the Caddition module (Fig. 4) . Although the insertion module in the structure of CthPnkp-C/AMP is oriented in a manner similar to the one in CthPnkp-C/Hen1-N/AMP, it is interesting to notice that the relative positions of the two helices (Fig. 3B , blue and light blue) that constitute the insertion module oppose one another. As a result of the formation of the CthPnkp-C/Hen1-N complex, the side chains of six conserved residues near the base of the insertion module, which are scattered in the structures of CthPnkp-C alone, are oriented in one direction (Fig. 3B) . As discussed later, the identities of these residues and their correct orientations are important for the ligase activity of Pnkp. Finally, although most of the C-addition module structure is unchanged upon formation of the CthPnkp-C/Hen1-N complex, the region that interacts with the ligase-activating domain also has a small, but significant, structural change (Fig. S5) .
Recognition of CthPnkp-C by CthHen1-N. The palm of the ligaseactivating domain only interacts with the insertion module, and the interactions are predominantly hydrophobic (Fig. 4A) . In addition to numerous hydrophobic interactions, the side chain of D55, whose position is stabilized by a hydrogen bond with the side chain of H37, forms a salt bridge with the side chain of R671 (Fig. 4A) . The potential to form such a salt bridge is conserved among Pnkp/Hen1 complexes from different organisms (Figs. S2  and S4) . Meanwhile, the thumb of the ligase-activating domain also interacts only with the insertion module (Fig. 4B) . The interactions mainly occur between the side chains of D153 and E154 from the ligase-activating domain and the side chains of R631, Y686, and R687 from the insertion module (Fig. 4B) . In addition, the side chain of W159 from the ligase-activating domain stacks on the opposite side of the insertion module where the important conserved residues for RNA ligation are located (Figs. 4B and 3B) .
Unlike the palm and thumb, finger2 and finger3 of the ligaseactivating domain make contacts with both the insertion and the C-addition modules (Fig. 4C) . The region is also where the insertion module and the C-addition module interact with each other. At the center of the three-way interaction is an extensive hydrogen bonding network formed by the side chains of Y83, R675, and D806, the main-chain carboxyl groups of L54 and P82, and a water molecule (Fig. 4C) . Two additional interactions, a salt bridge between the side chains of D57 and R815 and a π-charge stacking between the side chains of Y77 and R869, further stabilize the interaction between the ligase-activating domain and the C-addition module (Fig. 4C) . R869 is part of the strictly conserved DPRL motif at the C terminus of Pnkp (Fig. S4) . The main chains of R869 and the terminal residue L870 form salt bridges with R794 and K792 (Fig. 4C) , both of which are members of motif V of the NTase module (Fig. S4) .
Ligation Pocket. Formation of the CthPnkp-C/Hen1-N heterodimer creates a deep pocket with the covalent AMP at the bottom (Fig. 5 A and B) . We call it the ligation pocket because it is most likely the locus of RNA ligation. The pocket is partially divided by the side chain of R565 (Fig. 5A , marked with an asterisk), which is a member of motif Ia of the NTase module (Fig.  S4) . The NTase module essentially provides the entire floor of the ligation pocket, but it only contributes ∼25% of the wall (Fig.  5A, green) . The C-addition module provides ∼50% of the wall (Fig. 5A, cyan) , and the remaining ∼25% of the wall is from a joint contribution of the insertion module and the ligase-activating domain (Fig. 5A, blue and red) . The ligation pocket is overwhelmingly positively charged (Fig. 5B) , consistent with its proposed role in accommodating two strands of the negatively charged RNA.
We docked two strands of RNA (three nucleotides each) into the ligation pocket (Fig. 5C ). The docking was guided by the position of the covalently bound AMP and also by the aligned structure of human DNA ligase I in complex with DNA (22) . In our docking model, the two strands of RNA fit nicely into the ligation pocket, with most phosphate groups near the positively charged wall (Fig. 5C ). The ligation pocket is approximately two nucleotides deep, because the third nucleotide of both strands of RNA can be seen from its side view (Fig. 5D) .
Functional Analyses. A classic DNA/RNA ligation reaction involves three enzymatic steps (23, 24) : (i) a DNA/RNA ligase reacts with ATP to form a ligase-AMP covalent intermediate; (ii) AMP is transferred from the ligase to the 5′-phosphate to form a DNA-or RNA-adenylate intermediate; and (iii) ligase-catalyzed nucleophilic attack of the 3′-OH on the adenylated 5′-phosphate produces a phosphodiester bond that seals the two ends, accompanied by the release of AMP. Here, we performed step 1 in a crystal of the CthPnkp-C/Hen1-N heterodimer by soaking the crystal with ATP and Mg 2+ before data collection (Fig. S6) . The presence of an AMP covalently linked to the side chain of K531 is clearly observed (Fig. S6B) . Also present in the active site is an Mg 2+ ion, with the phosphate group of AMP and five water molecules as its ligands (Fig. S6B) .
Pnkp alone is able to carry out step 1 (11, 18) , and both Pnkp and Hen1 are required for step 3 (15) . Therefore, what remains unknown is the prerequisite for step 2. To address this issue, we performed a step 2-specific enzymatic assay (Fig. 6A ). For this experiment and the experiments to follow, we used CthPnkp-C-ΔL, which we found to be more active as noted above (Fig. 1B,  lane 7) . We speculate that, in the absence of the phosphatase and kinase domains, the presence of partial linker region in CthPnkp-C might make the ligation pocket less accessible to a RNA substrate, causing CthPnkp-C to be less active than CthPnkp-C-ΔL. As expected, CthHen1-N alone has no activity (Fig. 6A, lanes 1 and 2) . We were able to detect a trace amount of activity with CthPnkp-C-ΔL alone (Fig. 6A, lanes 3 and 4; 0.05% of activity), indicating that the essential elements to perform step 2 are already present in bacterial Pnkp. However, an efficient step 2 reaction requires CthHen1-N (Fig. 6A, lanes 5  and 6) . Both one-stranded RNA and two-stranded ligation substrate mimic are efficient substrates, although one-stranded RNA is better (Fig. 6A, compare lanes 5 vs. 6 ).
To provide a detailed view of the roles of the conserved residues in RNA ligation, we carried out mutation and deletion studies (Fig. 6 B-E) . Here, we focused on residues beyond the NTase module of CthPnkp and their effects on step 2 and step 3, because mutagenesis of the conserved residues in the NTase module of CthPnkp and their effects on step 1 have already been reported by Shuman and coworkers (11, 18) . A total of 18 alanine and deletion mutants were created (Fig. 6B) , evenly divided among the ligase-activating domain (Fig. 6C) , the insertion module (Fig. 6D) , and the C-addition module (Fig. 6E) . These residues were chosen because they are strictly conserved in bacterial Hen1 and Pnkp (Figs. S2 and S4 ) and, with the exception of M1 of CthHen1-N, they are part of or near the ligation pocket (Fig. 6B) . These mutants, together with the wild-type enzyme, were subjected to enzymatic assays.
Overall, the effect of most mutations on catalysis is modest, presumably reflecting the fact that these residues might not be directly involved in catalysis, unlike the conserved residues from six ligase motifs in the NTase module (Fig. S4) . Nevertheless, we classified the 18 mutants into three groups based on their performance in the enzymatic assays.
The first group includes eight mutants that have significantly reduced activity (defined by a reduction in activity of more than two thirds). Alanine mutations of some conserved aromatic residues located deep in the ligation pocket (W611, Y623, Y689, and Y798) have the most effect, with W611A being the most severe mutant (Fig. 6D, lane 2; <1% activity) . Deletion of the first residue of CthHen1-N results in a sevenfold reduction of activity (Fig. 6C, lane 2) , which is consistent with the conservation of the precise N terminus in bacterial Hen1 (Fig. S2) . The remaining three residues in this group are all positively charged (R63, K614, and K824). We suggest that these three residues are involved in guiding RNA substrate for step 2 or/and step 3. Among the mutants with severe defects, there are representatives from each of the three modules proposed to make up the ligation pocket. This fact supports the observed structural arrangement in the Pnkp-C/Hen1-N heterodimer. The substantial reduction of the enzymatic activity of these eight mutants most likely resulted from local structural alterations caused by the alanine mutations. However, we cannot rule out the possibility of the global structural changes of these mutants, particularly for alanine mutations of some large hydrophobic residues such as W611, Y623, Y689, and Y798.
The second group includes four mutants (L61A, Y77A, H194A, and Q622A) that have only modest effect on enzymatic activity (defined by a reduction in activity of less than one-half). They are all relatively distant from the active site (Fig. 6B) .
Unexpected results were obtained from six mutants (L74A, L618A, E862A, D867A, R869A, and DL870), which displayed increased enzymatic activity (defined by an increase in activity of more than one-half). From a molecular point of view, the increased activity of these mutants can be explained by alteration of the ligation pocket both in size and charge, making the ligation pocket more readily accessible to the RNA substrate. However, our data cannot explain the biological significance of the restricted conservation of these six residues in bacterial Pnkp and Hen1 for RNA repair, and further studies are required to address this issue. Suggested future studies, which are beyond the scope of the current study, include employment of other RNA substrates, use of a Pnkp-C/Hen1-N heterodimer that is nonthermophilic, and mutation and deletion studies on the fulllength CthPnkp/Hen1.
Concluding Remarks. In this study, we present the crystal structures of the CthPnkp-C/Hen1-N/AMP ternary complex, the CthPnkp-C/Hen1-N heterodimer, and the CthHen1-N homodimer. Our structural studies reveal that specific interactions between CthHen1-N and CthPnkp-C lock the conformation of an otherwise flexible insertion module in CthPnkp-C, creating a ligation pocket to accommodate two strands of RNA for ligation. Our structures, together with the crystal structures of the ligase domain of CthPnkp recently determined by Shuman and coworkers (18) , provide a complete picture of the structural and conformational changes accompanying the transition from the CthPnkp-C monomer and the CthHen1-N homodimer to the CthPnkp-C/Hen1-N heterodimer. Furthermore, the structure of the CthPnkp-C/Hen1-N heterodimer and the locations of the two linker regions, in particular, provide a glimpse of the likely architecture of the full-length Pnkp/Hen1 RNA repair complex.
Despite the unexpected increase in activity of some mutants, the functional analyses described in this study provide additional insight into the mechanism underlying activation of the ligase activity of Pnkp by Hen1. The step 2-specific assay clearly demonstrates that Hen1 activates the ligase activity of Pnkp starting with step 2. Mutation studies reveal that efficient RNA ligation requires direct involvement of several conserved residues from the insertion module. Finally, in addition to playing an essential structural role in the formation of a ligation pocket and in aligning the conserved residues from the insertion module for RNA ligation, the ligase-activating domain of Hen1 may provide its own residue(s) that might directly participate in RNA substrate binding for the ligation, as exemplified by a fivefold reduction in activity with the R63A mutation.
Materials and Methods
Recombinant Proteins. Cloning, expression, and purification of various recombinant proteins are described in SI Materials and Methods.
Crystallography. Crystallization, data collection, and structural determination of the CthPnkp-C/Hen1-N/AMP ternary complex, the CthPnkp-C/Hen1-N heterodimer, and the CthHen1-N homodimer are described in SI Materials and Methods and Table S1 .
Enzymatic Assays. RNA ligation, step 2, and steps 2 + 3 reactions are described in SI Materials and Methods. Fig. 6 . Functional assays of step 2 and step 3 with the wild-type and mutant enzymes. (A) Denaturing polyacrylamide gel electrophoresis (DPAGE) analysis of step 2 carried out by CthHen1-N, CthPnkp-C-ΔL, or a combination of both using either one-stranded RNA (3′-half-P) or two-stranded RNA (5′-half-P*/3′-half-P) as the substrate. The presence of 2′,3′-cyclic phosphate at the 3′-end of 5′-half-P* allows step 2 to occur but blocks step 3 by the lack of 3′-OH. Data in the bar graph are represented as means ± SD of three separate sets of experiments. (B) Surface of an expanded view of the ligation pocket showing the locations of 18 residues (except M1 of CthHen1-N, which is distant from the ligation pocket) selected for mutation and deletion analyses. Residues are colored the same as those shown in Figs. 2 and 5A. (C-E) DPAGE analyses of step 2 (Top) and steps 2 + 3 (Middle) carried out by the wild-type and mutant enzymes. The RNA substrate for step 2 is 5′-half-P*/3′-half-P, and the substrate for steps 2 + 3 is the 33 P-internally labeled cleaved tRNA Arg -ΔT. The reactions were quantified based on the amount of radioactivity incorporated into 3′-half-P (step 2) or the percentage of the cleaved tRNA Arg -ΔT to be repaired (steps 2 + 3), followed by normalization to the activity of the wildtype enzyme, which is defined as 100%. The black bar represents the relative activity for step 2, and the white bar represents the relative activity for steps 2 + 3.
